Detailed understanding of the interaction between dyes and additives and the aggregation behavior of the dye molecules in aqueous solutions is required to develop inkjet ink for textiles. In the present study, the aggregation behavior of three acid dyes (C. I. Acid Red 88, 13, and 27) containing different number of sulfonate groups in aqueous solutions was investigated by means of visible absorption spectroscopy. As a result, the higher the solubility of the dyes in water (the larger the number of sulfonate groups in the dyes), the lower are the aggregation constants of the dyes. For all the dyes, the aggregation constants decreased with increasing temperature, indicating the exothermic process of the dye aggregation. The thermodynamic process for C. I. Acid
Introduction
Recently, various inkjet ink for textiles has been developed, but more improvement of the ink is necessary. For example, the fixing ratio of dyes for textiles and the color fastness to washing, sweat, and light is found to be low, even though vivid color can be shown [1, 2] .
The composition of the inkjet ink is very complicated due to the complex nature and very challenging requirements. The ink must have physicochemical properties which are specific to the various printing devices [3] [4] [5] [6] [7] . To formulate the inkjet ink, not only dyes or pigments but also additives are needed and the types and amounts of additives are the most important factors.
Commonly, the additives in the inkjet ink are used to adjust its physical properties such as stability, viscosity, surface tension, droplet form and so on [6] [7] [8] [9] [10] . Also 3 various types of additives such as surfactants, inorganic salts and polymers have been used in the inkjet ink for textiles in order to solve the other problems which occur in printing processes. The additives affect the improvement of fastness properties, color strength, dye fixation and ink penetration. For example, the surfactants in the inkjet ink are used to absorb the colorants uniformly on the surface of the textile after the printing, improve the permeability of the ink, and realize more stable ejection of the ink [6, [11] [12] [13] . Particularly, the nonionic surfactants are effective in improving level dyeing ability and in preventing feathering or bleeding [11] [12] . To improve the binding force of the ink with the fiber, polymers are used as additives [14] [15] [16] . Water-soluble polymers affect the improvement of the water fastness and light fastness since the polymers can stabilize and immobilize the dyes both physically and chemically [13, [16] [17] [18] , though it causes negative effects on print quality [17] . The polymers offer not only rapid ink absorption but also high print density [15] and the durability of ink and prints is progressed by their addition into the inkjet ink [6, 19] .
Various interactions such as dye-dye, dye-additive and additive-additive interactions are observed in the inkjet ink. The intermolecular interactions include electrostatic binding, π-π interaction, hydrogen bonding, van der Waals force, and so on. The interdependence of dye structure and the type of additives has been shown to play a major role [20] .
On the other hand, the aggregation behavior of dye molecules is investigated to grasp physical properties of dyes themselves in aqueous solutions. The dyes form aggregates through intermolecular force such as hydrogen bonding and van der Waals force. The forces of attraction responsible for such interactions are also capable of causing physical interactions between dye molecules to produce molecular species 4 ranging in size from dimers to high-ordered aggregates containing many hundreds of molecules. In using aqueous dye solutions, the phenomenon of aggregation or selfassociation of dye molecules may be of advantage or disadvantage [21] . It is found that the dye aggregation makes light fastness to be better, i.e. the aggregation tendency of the dye has also proven to be important for light fastness [18, [22] [23] [24] [25] and image stability [23] . In the case of aqueous dye solutions containing polymers, the adsorption or binding processes often involve the aggregation. The cooperative binding of a dye with a polymer chain is a pertinent example [14, 26] . Furthermore, an azo dye containing sulfonate groups shows good stability in contact with polymer [27] and the solubility of dyes are one of the most important factors for ink stability [2, 4] .
In the present study, the effects of the additives used to formulate the inkjet ink for textiles were investigated. Especially, the aggregation behavior of three acid dyes (C.
I. Acid Red 88, 13, and 27) containing sulfonate groups in the absence and presence of the additive were investigated by means of visible absorption measurements. To elucidate the effects of the polymer additive, the binding constants of the dyes with a water-soluble polymer, poly(vinylpyrrolidone) (PVP) and the aggregation constants in the presence of PVP were estimated. Furthermore, thermodynamic parameters were determined from the temperature dependence of the aggregation constants in the absence and presence of PVP. From the results, the effects of the polymer additives on the aggregation behavior are discussed.
Experimental Materials
Three acid dyes containing the different number of sulfonate groups, C. I. Acid Red 5 88 (R-1), C. I. Acid Red 13 (R-2), and C. I. Acid Red 27 (R-3) were used ( Figure 1 ). R-1 was commercially purchased from Tokyo Chemical Industry Co., Ltd., and used after repeated salting-out with NaCl and reprecipitation of the aqueous dye solution with acetone. R-2 was prepared by the coupling reaction of diazotized 4-amino-1-naphthalenesulfonic acid with sodium 2-hydroxy-6-naphthalenesulfonate under an alkaline condition and purified in the same manner as R-1. R-3 was purchased from Tokyo Chemical Industry Co., Ltd., and purified by repeated reprecipitation of the aqueous dye solution with acetone and recrystallization from 80 % aqueous methanol.
The purity and water content of the acid dyes were determined by elemental analysis (PVP, Molecular weight ~ 630,000) was purchased from Tokyo Chemical Industry Co., Ltd., and used without further purification (Figure 1 ). The number average molecular weight (Mn), the weight average molecular weight (Mw) and the polydispersity index (Mw/Mn) of PVP used in the present study are 148,000, 574,000 and 3.9, respectively, which were determined using gel permeation chromatography [28] .
Visible absorption spectrum measurements
The visible absorption spectra of the aqueous dye solutions in the concentration range from 1  10 ( Figure 1 )
Results and Discussion

Aggregation of dyes in aqueous solutions
The visible absorption spectra of the three acid dyes (R-1, R-2, and R-3) with the concentration of 1  10 -5 mol dm -3 are shown in Figure 2 . Their maximum absorption wavelengths were 507, 508, and 520 nm, respectively, indicating that the number of sulfonate groups in the dyes molecular cause a red shift. And the extinction coefficients, ε, at the maximum absorption wavelengths increased in the order of R-1 < R-2 < R-3, which is comparable to the order of the number of sulfonate groups.
( Figure 2 ) Figure 3 shows the visible absorption spectra of aqueous R-1 solutions with various concentrations. The maximum absorption wavelength for the aqueous R-1 solutions, shifted to lower wavelength (blue shift) and the extinction coefficient at that wavelength decreased with increasing dye concentration, indicating that the dye forms aggregates in aqueous solutions with higher concentration. Such a blue shift suggests that the dyes form H-aggregates [29, 30] . To analyze the spectral change with dye concentration, it is convenient to use the extinction coefficients, ε, at the wavelength where the largest difference was observed in order to obtain the most accurate values, although the same values were given at all the wavelengths measured because of the existence of isosbestic 7 points, as described in the previous paper [31] . Here, 526 nm were used as the wavelength where the largest difference was observed for all the dyes.
As can be found in Figure 3 , the spectral change with dye concentration was accompanied by the appearance of isosbestic point for R-1. The similar spectral change was also observed for R-2 and R-3. The isosbestic points for R-1, R-2, and R-3 were observed at 572, 568, and 579 nm, respectively. This fact indicates that a single equilibrium exists in the concentration range under examination. The existence of an isosbestic point is a good indicator of a true equilibrium process [32] .
( Figure 3 )
The aggregation number, n, of the dyes was determined by the procedure described in a previous paper [33] , resulting in n = 2 for all the dyes. Therefore, for all the dye solutions, the following equilibrium between the dye monomer, D, and the dye dimer, D 2 , can be assumed:
From this equilibrium, the aggregation constant, K agg , is expressed as follows:
where C D and C D2 are the concentrations of the dye monomer and dimer, respectively.
If the molar extinction coefficient observed at a certain wavelength is designated ε and the molar extinction coefficients of dye monomer and dimer are ε D and ε D2 , respectively, the following equation is derived:
where C 0 is the total dye concentration. Considering C 0 = C D + 2C D2 , from eqn (3), C D and C D2 can be written as follows.
Substituting eqn (4) and (5) into eqn (2), the equation for ε is derived: [31, 34] The aggregation constants, K agg , thus obtained are given in Table 1 . The K agg values determined in the present study were a little bit smaller than those reported in a previous paper [31] , but showed similar tendencies. The K agg values decreased with an increase in the number of sulfonate groups in the acid dyes at all temperatures. It is worthwhile to mention that the introduction of sulfonate groups into the dye molecules increases the water solubility in the order of R-1 < R-2 < R-3. The order corresponds to the decreasing order of K agg (R-1 > R-2 > R-3), and the same tendency was shown in the previous papers [21, 31, 35] . For all the dyes, the K agg values decreased with increasing temperature, indicating the exothermic process of the dye aggregation.
To discuss the aggregation process in more detail, the thermodynamic parameters, the enthalpy change, ΔH agg , and the entropy change, ΔS agg , were determined from the temperature dependence of K agg ( Table 1 ). The K agg values for R-3 were estimated as 0 9 ~ 3 dm 3 mol -1 , indicating that it is difficult for R-3 to form a dimer in the concentration region measured.
So it is very difficult to calculate the thermodynamic parameters, as described in the previous paper [33, 36] . The thermodynamic behavior for R-1 is less enthalpic and more entropic than that for R-2. The ability of dyes to associate with themselves is responsible for electrostatic repulsion, hydrophobic bonding, π-π stacking, hydrophobic interaction, and so on. The electrostatic repulsion between R-1 molecules is believed to be smaller than that for R-2, because R-1 and R-2 have one and two sulfonate groups respectively. Furthermore, as R-1 is more hydrophobic than R-2, hydrophobic interaction affects R-1 rather than R-2 in the aqueous dye solutions. The thermodynamic parameters reflect the situation of the interactions.
From the aggregation constants and the extinction coefficients obtained above, considering C 0 = C D + 2C D2 and eqn (2), the ratio of the dye monomers and dimers can be calculated ( Figure 5 ). The percentage of dye dimers for R-1 was larger than those for R-2 in all the dye concentration regions.
( Figure 5 )
The extinction coefficients of the monomer, ε D , determined are given in Table 2 together with the extinction coefficients of the dimer, ε D2 . From this table, the ε D values for R-1 and R-2 in water were similar, but the ε D2 values for R-1 was smaller than that for R-2, suggesting that the dimer structure was different between R-1 and R-2.
On the other hand, for R-3, the extinction coefficients of the monomer, ε D , are appreciably lager than those for the other dyes. It may be noted that the different results of the ε D and ε D2 values of the three dyes (the aggregation behavior of the dyes) are reflected by the spectra shown in Figure 2 .
10
( Table 2) Interaction between dyes and PVP
The effect of successive addition of PVP on the absorption spectra of aqueous R-1 solutions is represented in Figure 6 , where the polymer concentration is expressed based on monomer units. Isosbestic points were defined in the polymer concentration region examined. This fact makes it possible to assume a single equilibrium in the R-1/PVP systems. The similar spectral changes were also observed for the other dyes.
( Figure 6 )
To analyze the spectral change with PVP concentration, the extinction coefficients, ε,
at the wavelength where the largest difference was observed are useful. These extinction coefficients decreased with increasing polymer concentration for all the dyes, as shown in Figure 7 . The binding constants, K bind , are calculated from the change of the extinction coefficients.
( Figure 7 )
We assume that the following single equilibrium exists in the dye/PVP systems because the isosbestic points were observed.
where D, P and D · P express the dye, PVP and dye/PVP complex, respectively.
When the concentrations of total dye, total PVP, bound dye and free dye are defined as C 0 , C P , C b , and C f , respectively, the binding constant of the dye with PVP (K bind ) should be expressed by eqn (8): (8) can be rewritten by eqn (9):
On the other hand, if ε f and ε b are the extinction coefficients of the free and bound dye, respectively, then the observed extinction coefficient, ε, can be expressed as follows:
By substituting eqn (9) and C f = C 0 -C b into eqn (10), we can obtain.
On the basis of eqn (11), the binding constant, K bind , and the extinction coefficient of the bound dye, ε b, were calculated by using the nonlinear least-squares method (SigmaPlot, SPSS Inc.) [37] [38] [39] [40] [41] . The binding constants, K bind , thus calculated are given in Table 3 . The binding constants of the acid dyes with PVP were dependent on the dye structure: the K bind values decreased with an increase in the number of sulfonate groups in the acid dyes at all temperatures. It is worthwhile to mention that the introduction of sulfonate groups into the dye molecule increases the water solubility, i.e.
the solubility increases in the order of R-1 < R-2 < R-3, which corresponds to the decreasing order of K bind (R-1 > R-2 > R-3). This suggests that the affinity to PVP decreases with increasing water solubility.
For further discussion, the thermodynamic parameters for the binding, viz. the enthalpy change, ΔH bind , and the entropy change, ΔS bind , were determined from the temperature dependence of K bind ( (Table 3 )
Aggregation of dyes in the polymer solutions
The absorption spectra of aqueous R-1 solutions in the absence and presence of PVP are shown in Figure 8 . Isosbestic points were defined in the dye concentration region examined for each system in the absence and presence of PVP. Such spectral changes
were also observed for all the other dyes. The existence of the isosbestic points makes it possible to assume a single equilibrium in the aggregation processes even in the presence of PVP. The addition of PVP decreased the degree of the spectral change with increasing dye concentration, for R-1: by the addition of PVP, the maximum absorption wavelengths of the dyes were shifted to lower wavelength (blue shift) and the extinction coefficients at those wavelengths were reduced. Although the similar spectral change was observed for R-2, the change for R-3 was very small.
( Figure 8 ) Figure 9 shows the dependence of ε at 526 nm, at which the change of the extinction coefficients was the largest, on dye concentration in the absence and presence of PVP for all the dyes. The addition of PVP decreased the degree of the change in ε with increasing dye concentration, for R-1 and R-2. In the case of the R-3, the extinction coefficients, ε, hardly changed both in the absence and presence of PVP.
( Figure 9 )
As described in a previous paper [36] , the following four equilibria exist in the dye/PVP solutions can be assumed. 
where C bD and C bD2 are the concentration of the dye bound monomer and dimer, respectively. From the equilibria shown in eqn (12) , the aggregation constant of the dye on PVP is expressed as follows:
If the molar extinction coefficient observed at a certain wavelength is designated ε and ε bD and ε bD2 are the molar extinction coefficients of bound monomer and dimer, respectively, the following equation is derived:
) is much larger than C 0 (10 
The aggregation constants of the dyes in the PVP solutions, K agg PVP , and the molar extinction coefficients of bound monomer and dimer, ε bD and ε bD2 , were determined on the basis of eqn (18) by using the nonlinear least-squares equation (SigmaPlot, SPSS Inc.). The calculated extinction coefficients are expressed by the solid line in Figure 9 ,
showing good agreement with the observed ones for all the three dyes. However, in the case of R-3, the aggregation constants could not be calculated with a high degree of accuracy, because they were very small. Table 4 shows the aggregation constants, K agg PVP , for R-1 and R-2 in the presence of PVP. The aggregation constants in the presence of PVP were smaller than those in its absence at every temperature for both the dyes. This suggests that PVP has disaggregation effects. The reason that the polymer favours disaggregation might be explained as follows; the majority of dye becomes bound to PVP under the conditions employed and since the monomeric form is dominant over the dimeric form when bound to the polymer, the overall effect is that disaggregation is favoured over ( Table 4) The determined extinction coefficients of the dye monomer and dimer in the presence of PVP, ε bD and ε bD2 are given in Table 5 . From this table, it is apparent that the ε bD and ε bD2 values change with temperature and the existence of the PVP at 526 nm. The ε bD values and the ε bD2 values were quite different from those in the absence of PVP, ε D and ε D2 ( Table 2 ), indicating that the polymer chains affect the extinction coefficients.
The difference of the dimer structure between the absence and presence of PVP also affects the ε values, as described in a previous paper [36] . (Table 5 )
Conclusions
As a result for the aggregation behavior of the dye molecules in aqueous solutions, the higher the solubility of the dyes in water (the larger the number of sulfonate groups in the dyes), the lower are the aggregation constants of the dyes. This suggests that the hydrating water molecules around the dyes play an important role in the aggregation process. For all the dyes, the K agg values decreased with increasing temperature, indicating the exothermic process of the dye aggregation. The thermodynamic behavior for R-1 is less enthalpic and more entropic than that for R-2, i.e., the hydrophobic interaction is strongly concerned with the aggregation process.
The aggregation constants in the presence of PVP were smaller than those in its absence at every temperature for the all dyes. This suggests that PVP has disaggregation effects. PVP makes the aggregation process less enthalpic with a greater entropic change. From the above results, it is concluded that the aggregation process of the dyes in the polymer solutions is thermodynamically different from that in water, reflecting the interactions between the dyes and the polymer chains.
Thus, the elucidation of the aggregation behavior of dye molecules in the absence and presence of the additive in inkjet ink makes it possible to discuss their effects on the physical properties of ink such as viscosity, surface tension, droplet form and so on for adequate preparation of inkjet ink. Table 1 The aggregation constants and thermodynamic parameters Table 4 Aggregation constants and thermodynamic parameters in the presence of PVP Table 5 The ε bD and ε bD2 values (m 2 mol -1 ) at 526 nm in the presence of PVP 
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